During the nineteenth century a number of crucial observations established that the principal stimulus to thirst is dehydration of the tissues. Dupuytren's famous experiment in which the thirst of a dehydrated dog was relieved by intrar venous water, a similar result obtained by Magendie in a human patient suffering from rabies and therefore unable to swallow water, and Bernard's observation that placing water directly into the stomach through a fistulous opening relieved thirst whereas swallowed water that was allowed to escape through the oesophageal or gastric fistula did not, all emphasized the subsidiary importance of oropharyngeal dryness in the sensation of thirstthe passage of water through the oropharynx is neither necessary nor sufficient to relieve the more usual kinds of thirst. It is true that local oropharyngeal factors, including dryness of the mouth from speaking or excessive smoking, can cause drinking, but body water is not thereby regulated nor need there be any generalized requirement for water to initiate such drinking.
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Participation of neural structures in drinking is of course implicit in all theories of thirst, and many of the earlier investigators, including Dumas, Longet and Wettendorff (1901), considered that the whole nervous system was responsible for the sensation. Nothnagel (1881) suggested that there is a thirst centre located in the medulla with the other vital centres, and Mayer (1900) and a number of others agreed with this. Paget (1897) considered that there were hunger and thirst centres in the cortex of the temperosphenoidal lobe close to the centres for speech and as late as 1918 Leschke was postulating several levels for the nervous integration of salt and water metabolismin the medulla, in the floor of the diencephalon and in the cerebral cortex itself. However, with the elucidation of the water-conserving role of the supraopticohypophysial system interest focused on the hypothalamus and other parts of the limbic system as being the part of the brain probably concerned with thirst.
The limbic system (Fig 1) consists of the phylogenetically old rim -of cortical tissue around the hilum of each cerebral hemisphere (the limbic lobe of Broca), the associated noncortical telencephalic structures including the amygdala and septum, and the hypothalamus in the floor of the diencephalon. The traditional view that the limbic lobe and associated telencephalic structures, but excluding the hypothalamus, are concerned exclusively with the sense of smell because of the extensive olfactory connexions was contested-by Herrick (1933) , and especially by Papez (1937) who emphasized the intimacy of the anatomical connexions between the hypothalamus and the rest of the limbic system. These connexions consist of fibres running in two directions in -the fornix, stria terminalis, ventral amygdalohypothalamic pathway and other less well defined pathways derived from the medial forebrain bundle and ascending. reticular system. Papez commented on the emotional disorders that occur in disease affecting these structures, for example the apprehension, indeed the terror, experienced by the patient suffering. from rabies in whom a site of predilection for the virus inclusions or Negri bodies is the hippocampus. He recalled -the 'work of Cannon and that of Bard and his associates on 'sham rage' in which it had been concluded that the hypothalamus is responsible for HYP, hypothalamus; MB, mamillary body; AT, anterior thalamic nuclei; PO, preoptic area; S, septum; AMYG, amygdala; PYR, pyriform cortex; HPC, hippocampus; E, entorhinal cortex; CING, cingulum; H, habenula; IP, interpeduncular nucleus; TEG N, tegmental nuclei; fx,fornix; st, stria terminalis; sm, stria medullaris; mfb, medial forebrain bundle; mt, mamillothalamic tract; hp, habenulointerpeduncular tract; pv, periventricular system; m, mamillotegmental tract emotional behaviour and that it is normally held in check by the cerebral cortex. He elaborated on this idea and suggested that sensory inputs receive an emotional colouring by entering the following circuit ('the stream of feeling') -mamillary body, mamillothalamic tract of Vicq d'Azyr, anterior thalamic nucleus, cingulate gyrus, cingulum bundle, entorhinal and pyriform cortex, hippocampus, fornix and mamillary bodyto which we would now add other pathways involving the amygdala, stria terminalis, septal and preoptic regions, and also midbrain structures.
The Neurology of Thirst Bailey & Bremer's report in 1921 of primary hyperdipsia after hypothalamic damage was one of the earliest implicating this part of the brain in the control of drinking. Increased drinking after lesions of course implies either destruction of inhibitory neurones or irritation of excitatory neurones. Since then there have been a number of reports of increased drinking after experimental damage to limbic structures including the septum (Harvey & Hunt 1965) and the posteroventral amygdala (Grossman & Grossman 1963) . The major evidence indicating that the limbic system controls drinking behaviour, however, was first the demonstration by Andersson and his colleagues (Andersson & McCann 1955 ) that electrical stimulation in the region of the fornix would cause the goat to drink copiously, and secondly the many observations of hypodipsia or adipsia after selective lesioning in various parts of the limbic system and especially in the lateral hypothalamus (Teitelbaum & Epstein 1962 ). Further evidence is provided by clinical descrip-tions of increased or diminished drinking in association with pathological lesions in the region (e.g. Kourilsky 1950 ).
Analysis of the lateral hypothalamic syndrome has been particularly fruitful in separating central and peripheral controls of drinking (Epstein 1971) . After 'recovery' from bilateral damage to the lateral hypothalamus an animal drinks only in response to oropharyngeal factors, for example in order to swallow dry food, and it may thus quite fortuitously drink enough to stay alive. However, though dry-mouth-induced drinking remains, the animal fails to drink to any of the usual stimuli to thirst, such as to water deprivation or to the injection of hypertonic saline. Recently it has been shown that aphagia and adipsia can be caused by injecting 6-hydroxydopamine, which selectively destroys catecholaminergic nerve terminals, anywhere along the course of the nigrostriatal pathway, suggesting that destruction of a dopaminergic system is critical in the development of the lateral hypothalamic syndrome (Ungerstedt 1971 ).
The relief of thirst is pleasurable but if the behaviour is thwarted the sensation becomes increasingly unpleasant. Not surprisingly there is an extremely close relationship between drinking and reward systems in the brain. Olds & Milner (1954) found that if rats were given the opportunity to stimulate themselves electrically through electrodes implanted along the course of the medial forebrain bundle, they would do so for hours on end. Apparently the sensation is pleasant, and indeed in man electrical stimulation of similar structures is said to evoke pleasurable .34 Section ofNeurology feelings. Stimulation through the same electrodes by the experimenter may also cause drinking so that with suitable electrode placements and stimulus parameters concurrent self-stimulation and drinking can be obtained (Mogenson & Stevenson 1966) . More medial stimulation with electrodes in the periventricular system is aversive so that the animals would quickly learn a response to avoid being stimulated here. The intermingling of systems subserving drive and reward could account for the urgency of thirst and could ensure that the most vigorous efforts would be made to assuage it, obviously of tremendous benefit to the organism.
The Two Main Systemic Stimuli to Thirst There appear to be two main regulatory signals to thirst, one arising in the cellular fluid compartment and the second in the extracellular fluid compartment. By showing that hypertonic saline causes more drinking than an equiosmolar amount of hypertonic urea, Gilman (1937) confirmed Wettendorff's (1901) suggestion that cellular dehydration is an effective stimulus to thirst. Making due allowance for the renal contribution to osmoregulation, drinking in response to cellular dehydration is precisely that needed to restore the cellular water content to normal (Fitzsimons 1961) . Temporary satiety mechanisms allow rapid drinking of the amounts of water needed, without overshoot and in advance of any significant absorption from the intestine. Osmoreceptors participate in the general cellular dehydration and it is these cells that initiate drinking and cause release of ADH (Fig 2) . The osmosensitive cells for thirst lie in the lateral preoptic area (Peck & Novin 1971 , Blass & Epstein 1971 . Injection of minute quantities of osmotically effective hypertonic solutions into this region causes the waterreplete animal to drink. Water injected into the Thirst may also be induced by extracellular dehydration (Fig 3) . Loss of extracellular fluid occurs in water deprivation, himorrhage, vomiting, diarrhoea and sodium depletion, and its hemodynamic effects can be mimicked by a number of procedures which interfere with the circulation. It is probable that the receptors for extracellularly induced thirst are located in the capacitance vessels on the low pressure side of the circulation, the same receptors that subserve renal control of the extracellular fluid. The presence of a thirst factor in the cortex of the kidney identical with renin, and the reduction in drinking to some extracellular stimuli following bilateral nephrectomy, but not after ureteric ligation, suggested the involvement of the renin-angiotensin system in extracellularly induced thirst (Fitzsimons 1969) . The experimental demonstration that intravenous infusion of angiotensin II or its direct injection in pmol quantities into the brain causes the waterreplete rat to drink water, together with the finding that intracranial angiotensin lowers the threshold of drinking in response to generalized thirst stimuli support this idea (Fitzsimons 1971) . A number of other species also drink after intracranial angiotensin, including the rabbit, goat, monkey and pigeon (Andersson & Eriksson 1971 , Setler 1971 , and there is some evidence that renin may cause pathological thirst in man (Brown et al. 1969) .
Renin, renin substrate and angiotensin I are also effective intracranial dipsogens (Fitzsimons 1971) . The meaning of these observations in relation to the recently discovered cerebral reninangiotensin system (Fischer-Ferraro et al. 1971 ) is uncertain; it is possible that angiotensin acts as a local neurotransmitter. It is perhaps significant that there is a high degree of correlation between angiotensin and noradrenaline concentrations in different parts of the brain, particularly in view of the fact that intracranial angiotensin-induced drinking is attenuated by pretreatment with 6-hydroxydopamine or by treatment with certain catecholaminergic blocking agents (Fitzsimons & Setler 1971) . Carbachol-induced drinking is unaffected by these procedures, but is blocked by atropine which has no effect on angiotensininduced drinking.
Thirst as a Symptom
In the clinical assessment of thirst it is important to realize that a dramatic increase in drinking, such as occurs in untreated diabetes insipidus, may indicate that the thirst mechanism is responding in an entirely normal way to dehydration. Such thirst is symptomatic and other notable examples occur in severe vomiting (e.g. pyloric stenosis), in severe diarrhcea (e.g. cholera), in diabetes mellitus, in certain forms of renal failure, in sodium depletion, in potassium depletion and in hypercalcoemia. On the other hand, even quite an unremarkable, and indeed unremarked, intake of fluid may be inappropriate if the body is normally hydrated or even overhydrated. The mere fact that the patient drinks at all under these circumstances suggests abnormal activation of the thirst mechanisms. Examples of pathological thirst are: primary polydipsia in some cases of diabetes insipidus; compulsive water drinking; stimulation of neural thirst systems by high plasma renin levels; possible direct stimulation of thirst neurones in hypercalcaemia or in hypokalmmia; drinking during the onset of cedema in congestive heart failure.
Increased intake of fluid is not always excessive, and 'normal' intake may sometimes be greatly in excess of need.
